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Backbone genomegene conversions were more frequent in the genomes of three Escherichia coli
pathogenic strains than in the genome of the nonpathogenic K-12 E. coli strain. However, that study did not
address whether the more frequent conversions observed in the genes of pathogenic strains occurred
between the backbone genes common to these four strains or in the numerous horizontally transferred genes
found only in pathogenic strains. Here, we show that ectopic gene conversions are equally frequent in the
backbone genes of pathogenic and nonpathogenic strains, that most of these conversions are short, and that
the nucleotide changes they generate are probably selectively neutral. Backbone genes are therefore under
similar selective constraints in both pathogenic and nonpathogenic E. coli strains. The higher frequency of
gene conversions we previously observed in pathogenic strains is therefore due to higher conversion
frequencies between the numerous horizontally transferred genes found only in pathogenic strains.
© 2008 Elsevier Inc. All rights reserved.Gene conversions are nonreciprocal exchanges of DNA initiated by
double-stranded DNA breaks. As a result, part of the sequence of a
gene is converted to that of a related gene. Several studies have
documented the impact of gene conversions on the evolution of pro-
karyotic genes and genomes [1–6].
FourEscherichia coli genomeshad been sequencedwhenwe initiated
our study of ectopic conversion in the backbone genomeof E. coli: the K-
12 MG1655, the CFT073, the O157:H7 EDL933, and the O157:H7 Sakai
genomes [7–10]. Comparative genomics has shown that these genomes
share a common backbone of genes maintained through evolution [8–
11].Whereas the genome of the nonpathogenic K-12 strain is composed
mainly of backbone genes, that of the pathogenic strains CFT073,
EDL933, and Sakai also contain genes responsible for the infection of
host tissues and toxin production [8,12,13]. Most of these genes are
derived from horizontally acquired prophage sequences, but also from
pathogenic islands, transposons, and plasmids [13].
Our 2004 study of ectopic gene conversions in E. coli genomes
showed, among other things, that gene conversions were more fre-
quent in pathogenic strains (10.4, 10.9, and 16.3% in the CFT073,
EDL933, and Sakai strains, respectively) than in the nonpathogenic K-
12 strain (7.6%; Ref. [14]). However, that study did not address whether
the more frequent conversions observed in the genes of pathogenic
strains occurred in backbone genes and/or in the numerous horizon-uin).
ashington State University, 100
l rights reserved.tally transferred genes found only in pathogenic strains. Here, we
address this question by characterizing the ectopic gene conversions in
the common backbone of these four E. coli genomes.
Results
Genome backbone and gene families
A multiple alignment of the conserved regions within all four ge-
nomes was created using the Mauve application [11]. Analysis of this
alignment shows that the four genomes share 3885 genes (spanning
approximately 4.3Mb) in their commonbackbone (Fig.1).Whereasmost
of the 4.6-Mb K-12 genome is part of this common backbone, those of
pathogenic strains contain numerous strain-speciﬁc regions. The
CFT073 genome is roughly 0.6Mb longer than the K-12 genome,
whereas the EDL933 and Sakai genomes are roughly 0.9Mb longer
than the K-12 genome. These size differences are due to the higher
number of strain-speciﬁc genes found in the genomes of pathogenic
strains. For example,Welchet al. [10]have shown that,whereas theK-12
genome contains only 585 strain-speciﬁc protein-coding genes, the
EDL933 and CFT073 strains contain 1346 and 1623 strain-speciﬁc
protein-coding genes, respectively. Statistical analysis of the locations of
the backbone genes shows that these genes are not clustered along the
length of the genome (χ2 tests, P N 0.1).
The BLASTCLUST program identiﬁed 100 multigene families with
two or more members within the K-12 genome. Forty-four of those
were found in the conserved backbone of the four E. coli genomes
studied (Supplemental Table 1). These 44 families contain a total of 95
genes for each genome and are made up of 38 families with two
Fig. 1.Multiple alignment of the Sakai, EDL933, K-12, and CFT073 genomes using the Mauve software package with a minimal weight of 69. Blocks indicate regions conserved in all
four genomes and lines link these orthologous regions. Within each block, white regions represent lineage-speciﬁc sequences, whereas gray regions represent backbone sequences.
Blocks below the line represent inverted regions relative to the reference sequence at the top of the ﬁgure.
169R.T. Morris, G. Drouin / Genomics 92 (2008) 168–172members, 5 families with three members, and 1 family with four
members (Supplemental Table 1).
The 100 multigene families with two or more members that we
identiﬁed in the K-12 genome represent gene families of which the
members are at least 60% identical at the protein level over at least
50% of their length. Decreasing the percentage identity and/or the
length can lead to the identiﬁcation of many more gene families
(results not shown). Furthermore, the number of families detected is
most sensitive to the percentage protein identity. For example, the K-
12 genome contains 166 gene families with 50% identity over 50% of
the proteins' length and 175 gene families with 50% identity over 25%
of the proteins' length. However, since we previously established that
using gene families with less than 60% protein identity did not lead to
the identiﬁcation of more gene conversions larger than 41bp, the gene
families we analyzed probably contain most, if not all, conversions
larger than 41bp [14].
Gene conversions in backbone genes
We identiﬁed a total of 12 gene conversion events in the backbone
genes of the four E. coli strains (Table 1). Two of these 12 conversions
are common to all four E. coli genomes, 3 are found only in theTable 1
Gene conversions detected within the backbone of the four Escherichia coli genomes
Multigene Converted Length (bp)/ﬂanking nucleotide identity (%)a
family genes
K-12 Sakai EDL933
8 phoE; ompF 16/62.9⁎⁎ 16/62.8⁎⁎ 16/62.8⁎⁎
ompF; ompC — 43/67.1⁎ 43/67.1⁎
12 acrB; acrD 27/66.4⁎ 27/66.3⁎ —
16 sdaA; tdcG 23/68.7⁎⁎⁎ 23/68.4⁎⁎⁎ 23/68.4⁎⁎
38 fumA; fumB — 21/79⁎ 21/78.9⁎
40 narH; narY 23/74.8⁎⁎ 23/75.1⁎⁎ 23/75.1⁎⁎
45 araE; galP — — —
48 gadB; gadA 935/93.9⁎⁎⁎ — —
51 hyp1; hyp2 — 18/72.1⁎ 18/72.1⁎
59 tufA; tufB 875/98.5⁎⁎ 375/98.3⁎ 805/98.3⁎⁎
78 artI; artJ — — —
79 narI; narV 11/67.8⁎ 11/68⁎ 11/68⁎
a Percentage identity of the regions ﬂanking the conversions. A dash indicates the absence
each gene conversion (⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001).
b Nucleotide substitutions are relative to orthologous genes in other strains except for the c
gene, and the conversions in family 59, for which unconverted sequences were not available
provided in Supplemental Table 2.EDL933, Sakai, and K-12 genomes, 3 are found only in the EDL933 and
Sakai genomes, 2 are found only in the CFT073 genome, and the ﬁnal 2
conversions are common to either the K-12 and Sakai genomes or the
K-12 and CFT073 genomes. None of the backbone conversions is spe-
ciﬁc to the K-12 strain.
The frequencies of conversion are similar for all four genomes. The
K-12, CFT073, EDL933, and Sakai genomes contain 7, 5, 8, and 9
conversions, respectively (Table 1). The number of conversions found
in pathogenic genomes is therefore not signiﬁcantly higher or lower
than that found in the K-12 genome (P N 0.45, χ2 test).
To our knowledge, of these conversions, only that between the tufA
and the tufB elongation-factor genes has previously been reported
[15–17]. Apart from the large conversions present in families 48 and
59, all conversions found in more than one strain share the same
length and location in all the genes in which they are found (Table 1,
Fig. 2, and Supplemental Fig. 1). They therefore all probably occurred
only once, i.e., in the common ancestor of the strains inwhich they are
found. The variable lengths of the large conversions found in families
48 and 59 are probably due to postconversion nucleotide substitutions
affecting the gene conversion boundaries identiﬁed by the GENECONV
detectionmethod. For example, in the case of family 59 (tuf genes), the
position of the converted region relative to the multiple alignmentSubstitutionsb Gene function
CFT073
— 2 S Outer-membrane proteins
— 1 S Outer-membrane proteins
— 1 S Acridine efﬂux pumps
23/68.1⁎⁎ 6 S, 4 NS L-Serine deaminase/dehydratase
— 2 S Fumarases
— 5 S, 1 NS Nitrate reductases
25/63⁎⁎ 4 S Arabinose/galactose symporters
554/92.2⁎⁎⁎ 13 S Glutamate decarboxylases
— 2 S Hypothetical proteins
806/98.3⁎⁎ n.a. Elongation factors
27/67⁎ 3 S Arginine binding protein precursors
— 4 S, 2 NS Nitrate reductases
of a particular conversion. The GENECONV simulated signiﬁcance level is indicated for
onversions found in gene family 16, inwhich they are relative to the third (unconverted)
(n.a.). S, synonymous; NS, nonsynonymous. A detailed list of nucleotide substitutions is
Fig. 2. Converted regions from gene families (A) 8 and (B) 16. The multiple alignments
show the DNA and protein sequences of the three genes found in the four E. coli
genomes. Converted regions are shown by black letters in both the DNA and the protein
sequences, whereas unconverted ﬂanking regions are shown by gray letters. The scale
shows the position of the converted region relative to the multiple sequence alignment.
The converted regions of the other gene families listed in Table 1 are shown in
Supplemental Fig. 1.
Table 2
Ka/Ks ratios (±standard deviation) of converted backbone genes
Genome Ka Ks Ka/Ks
K-12 0.17±0.11 1.90±1.40 0.09±0.02
Sakai 0.17±0.10 2.01±0.83 0.09±0.05
EDL933 0.16±0.10 2.08±0.83 0.08±0.03
CFT073 0.17±0.12 1.83±1.51 0.10±0.05
Table 3
Gene conversions detected between duplicated genes speciﬁc to the K-12 genome
Multigene
family
Converted
genes
Flanking
identity (%)
Conversion
length (bp)
Gene function
1 trs5_1 trs5_5 93.8 173 IS5 transposases
3 insB_2 insB_4 98.5 368 IS1 proteins
5 insA_5 insA_7 90.4 38 IS1 proteins
6 cspB cspG 63 47 Cold-shock proteins
8 ompC nmpC 66 43 Outer-membrane
proteins
11 rhsA rhsB 61.2 3422 Rhs proteins
rhsB rhsD 76.1 32 Rhs proteins
rhsB rhsD 76.1 12 Rhs proteins
rhsB rhsD 76.1 87 Rhs proteins
rhsC rhsD 72 17 Rhs proteins
rhsA rhsD 73.1 7 Rhs proteins
13 yfjz yeeU 62.9 21 CP4-57 and CP4-44
prophages
22 hyp1 hyp2 70.4 75 Putative DNA repair
proteins
170 R.T. Morris, G. Drouin / Genomics 92 (2008) 168–172(1230 aligned bases) varied for each genome. The converted regions
for the K-12, CFT073, EDL933, and Sakai genomes were located at
nucleotide positions 337–1211, 280–1085, 410–1214, and 256–630,
respectively. Finally, the converted genes are uniformly distributed
within the chromosomes of all four E. coli strains (P N 0.13) and
conversions larger than 43bp occur only between sequences having at
least 92% sequence identity.
Ka/Ks ratios
The average Ka, Ks, and Ka/Ks values of the converted backbone
genes are similar in all four genomes (Table 2). The average (± standard
deviation) Ka, Ks, and Ka/Ks values for the K-12-speciﬁc genes listed in
Table 3 are 0.194±0.140, 1.367±0.919, and 0.190±0.260, respectively.
The average Ka/Ks ratio of the K-12-speciﬁc genes for which wedetected gene conversions is therefore about twice as large as that of
backbone genes for which we detected gene conversions.
Gene conversions in K-12-speciﬁc genes
Of the 17 ectopic gene conversions we previously detected in the
K-12 genome [14], 13 are speciﬁc to the K-12 genome (Table 3). In
contrast to the conversions found between backbone genes (Table 1),
most of these conversions are between genes known to be under little
selective pressure (such as insertion sequences and recombination hot
spot proteins). Furthermore, conversions covering more than 43 bp
occur between sequences having as little as 61% sequence identity.
Discussion
Gene organization
The backbones of the four E. coli genomes analyzed here are colinear
except for the inversion present in the EDL933 genome and some re-
arrangementsof small regions betweenK-12 and the pathogenic strains
(CFT073, EDL933, and Sakai; Fig. 1). The EDL933 inversion is probably
very recent because it must have occurred after the event that gave rise
to the closely related EDL933 and Sakai strains [11]. Our results also
show thatorthologous genes are uniformly distributed along the length
of the chromosome. Themain difference in gene organization between
the K-12 strain and the three pathogenic strains is therefore that
interspersed genes have been added to the backbone of the pathogenic
strains. These interspersed genes are derived mainly from prophage
sequences (Ref. [13]; results not shown). In contrast, the 4.3 Mb of
conserved E. coli backbone sequences are likely to contain functionally
important genes because they have been maintained in all strains.
Gene conversions in the backbone and K-12-speciﬁc genes
Most of the gene conversions we detected in backbone genes are
small. Ten of them range from 11 to 43 bp in length and only 2 of them
are 375 to 935 bp long (Table 1). The facts that even the short
171R.T. Morris, G. Drouin / Genomics 92 (2008) 168–172conversions receive strong statistical support, that they are all found
in more than one strain, that they are all ﬂanked by more divergent
regions, and that the corresponding regions of unconverted genes are
clearly different from the converted regions all support the conclusion
that these regions of high similarity between paralogous genes are
results of conversion events (Table 1, Fig. 2 and Supplemental Fig. 1).
Interestingly, the 44 gene families present in the genomes of all
four E. coli strains, containing a total of 95 genes for each genome,
contain few conversions and the frequency of conversions is equal
among these four strains. Since therewere 59 gene comparisons, the 7,
5, 8, and 9 conversions observed for the K-12, CFT073, EDL933, and
Sakai strains, respectively, translate into frequencies of 11.9, 8.5, 13.6,
and 15.3%, respectively. This is in sharp contrast with our previous
study [14] in which the frequencies of conversion (and number of
conversions/number of gene comparisons) for the K-12, CFT073,
EDL933, and Sakai strains were 7.6 (17/224), 10.4 (52/497), 10.9 (150/
1381), and 16.3% (230/1409), respectively.
The fact that, in backbone genes, the frequencies of conversion are
similar in all four genomes suggests that conversions in these genes
are under similar purifying selection in all four genomes (Table 1). This
suggestion is supported by four observations. First, the Ka/Ks ratios of
backbone genes in which we detected gene conversions are similar in
all four strains (Table 2). Second, the fact that the Ka/Ks ratio of K-12-
speciﬁc genes inwhich we detected gene conversions is twice as large
as that of backbone genes inwhich we detected gene conversions (i.e.,
0.19 versus 0.09, respectively) indicates that backbone-speciﬁc genes
are under more selective constraints than the K-12-speciﬁc genes in
which we detected gene conversions (Table 3). Third, whereas gene
conversions longer than 43 bp are limited to backbone genes that are
more than 92% similar, such conversions occur between K-12-speciﬁc
genes having as little as 61% sequence identity (Tables 1 and 3). This is
also consistent with the above suggestion that backbone-speciﬁc
genes are under more selective constraints than K-12-speciﬁc genes.
Fourth, of the 50 nucleotide changes that occurred due to conversions
between the backbone genes, 43 are synonymous substitutions, and
the 7 nonsynonymous substitutions result in conservative amino acid
changes (such as serine to threonine and isoleucine to valine [18];
Table 1 and Supplementary Table 1). The nucleotide changes gene-
rated by these conversions are therefore unlikely to be under strong
negative selection. This conclusion was also previously reached in the
case of conversion between the duplicated tuf genes of E. coli and
Salmonella typhimurium [15,16].
The results presented here complement those of our previous study
of gene conversions in E. coli genomes [14]. Our previous study, which
analyzed gene conversions between the multigene family members
found in each E. coli genome, showed that gene conversionsweremore
frequent, and required less ﬂanking sequence similarity to occur,
between the multigene family members of pathogenic strains than
between those of K-12. However, that study suffered from the fact that
most of the genes being compared between the K-12 strain and the
three pathogenic strains were different. As discussed above, the K-12
genome is composed mainly of backbone genes with relatively few
multigene families, whereas the three pathogenic genomes contain
numerous large multigene families derived from, among others,
prophage and insertion sequences (Fig. 1). Here, comparison of the
same genes from all four genomes shows that backbone genes are
under similar selective pressure in all four genomes irrespective of
whether a strain is pathogenic or not. In contrast, the strain-speciﬁc
genes found in pathogenic genomes experience a much higher level of
gene conversion, probably because they are experiencing much lower
selective pressures. However, as we previously discussed [14], this
higher level of recombination of strain-speciﬁc genes is likely to be
adaptive because it allows these strains to generate more sequence
diversity to evade the immune system of their host.
Analysis of the conversions identiﬁed here also allowed us to show
conclusively that conversions as short as 11 bp occur betweenparalogous genes (Table 1, Fig. 2, and Supplemental Fig. 1). Although
our previous studies did identify such short conversions, we believe
that the results presented here represent the ﬁrst clear demonstration
of such short conversions in bacteria [14,19]. As discussed above, the
nucleotide changes generated by these conversions are probably
selectively neutral. This is consistent with several other studies in
which it was observed that conversions are often limited to gene
regions under lower selective constraints [20,21].
Recombination in bacteria
Our results also extend previous studies on recombination in bac-
teria (reviewed in [22]). Although early molecular studies argued that
the propagation of bacteria was clonal (e.g., [23]), later studies showed
that the genes of these clonal organisms had a mosaic structure due to
allelic recombination between alleles from the same or different
species (e.g., [22,24,25]). Our results show that the mosaic structure of
bacterial genes can also originate from recombination between the
duplicated genes found in the genome of most bacterial species.
Materials and methods
Gene family identiﬁcation
We used the BLASTCLUST program (ftp://ftp.ncbi.nih.gov/blast/) to
extract all the protein coding multigene families found in the K-12
MG1655 genome. A set of sequences was deﬁned as a multigene
family when at least two sequences sharingmore than 60% amino acid
identity over at least half their lengthwere present in this genome.We
then used these K-12 sequences to extract the orthologous sequences
from the CFT073, EDL933, and Sakai genomes. Genes in a queried
genome were considered to be orthologous when they both were the
best FASTA match and had the same ﬂanking neighbor genes within
10 kb [26]. The protein sequences of each family (i.e., paralogues and
orthologues) were aligned using ClustalW [27] and the DNA
sequences were ﬁtted to the protein alignments using a Perl script.
Gene conversion detection
Gene conversions were identiﬁed using the GENECONV program
developed by Sawyer [28]. This program detects gene conversions by
identifying unusually long consecutive stretches of identical sites
between sequences. Previous studies have shown that the method
implemented in this program performs well, i.e., it is relatively free of
false positives (type 1 errors) and powerful (i.e., relatively free of type
2 errors) when the analyses are performed on at least three genes
[19,28–31]. To maximize the number of informative sites, and ensure
that at least three genes were analyzed, the GENECONV input
sequences contained both orthologous and paralogous sequences.
However, the output of this programwas ﬁltered to consider only the
conversions between paralogues (i.e., thewithin-species conversions).
Genome alignment, ﬂanking identity, and chromosomal location
A multiple alignment of all four genomes was computed using the
Mauve application with a minimum weight of 69 [11]. The ﬂanking
identity of the converted genes was calculated using an in-house Perl
script that calculates the average nucleotide sequence identity found
100 bp upstream and downstream of the converted region.
The positions of the converted genes along the length of the ge-
nome were analyzed to determine if converted genes were clustered
along the length of the conserved backbone. The locations of the
converted genes were identiﬁed from the gene position ﬁle (⁎.ptt)
obtained from the NCBI ftp site. Statistical tests were performed using
S-Plus version 7.0 (Insightful Corp., Seattle, WA, USA) and Excel
(Microsoft Corp., Redmond, WA, USA).
172 R.T. Morris, G. Drouin / Genomics 92 (2008) 168–172Ka/Ks ratios
The numbers of nonsynonymous substitutions per nonsynon-
ymous site (Ka) and of synonymous substitutions per synonymous site
(Ks) were measured using YN00 from the PAML package [32,33] using
only the unconverted gene regions. Average Ka and Ks values were
calculated between the multigene family members found in each
strain.
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